A study of surface water chemistry evolution was conducted by multivariate statistical analysis and inverse geochemical modelling using the PHREEQC computer program. Using hierarchical cluster analysis the 14 sampling sites were classified into three groups (recharge, transition and discharge areas). Water chemistry changed along a flow path so that waters with Ca-HCO 3 and Mg-Cl composition changed to Mg-Cl-HCO 3 waters. The order of abundance of the major cations was Mg > Ca > Na > K. Their average concentrations were 21, 19, 3.6 and 2.5 mg L -1 , respectively. Inverse geochemical modelling along flow paths indicated that the dissolution of sylvite and kaolinite, and precipitation of feldspars and andalusite, happened with Na entering the solution and Ca, Mg and K leaving the solution.
Introduction
Surface water quality has a vital role in human health and aquatic ecosystems (Zhang et al. 2009 ) due to its effects on the drinking water, agricultural water and industrial water of many countries. Surface water pollution has resulted from its role in carrying off municipal and industrial wastewater, and runoff from agriculture (Zhang et al. 2009) . A connection between agricultural activities and surface water pollution is well established. Anthropogenic activities, such as urbanization and agricultural activities, as well as natural processes deteriorate surface water (Carpenter et al. 1998 , Jarvie et al. 1998 .
The chemical composition of surface water is controlled by many factors, including composition of precipitation, mineralogy of the watershed, climate and topography, and input of chemicals derived from human activities. Hydrochemical processes involving precipitation and dissolution, ionic exchange, adsorption and desorption over time control the resulting changes in subsurface and surface flows. Therefore, spatial and temporal changes in water composition are attributed to these factors. Differences among waters in a watershed show the various steps of water-rock interaction (Federico et al. 2008) .
Rock weathering generally is influenced not only by the host rock but also by a series of constraining mechanisms, such as the extent of leaching of the host rock and the formation of secondary minerals, which in turn depend on water temperature and flow rate, on the presence of a gas phase, and on redox conditions. Geochemical modelling is used for the description of interactions in water-rock interface systems (Plummber 1992) .
For predicting water composition and modelling of weathering reactions, forward and inverse modelling is used (Plummer 1992) . The aim of forward modelling is to predict water compositions and mass transfers resulting from hypothesized reactions (Plummer 1992) . Inverse modelling attempts to account for the chemical changes that occur as water evolves along a flow path (Plummer et al. 1994) . Inverse mass balance modelling attempts to determine sets of mole transfers of phases that account for changes in water chemistry between one or a mixture of initial water compositions and final water compositions (Parkhurst and Appelo 1999) . Inverse modelling has been applied to determine reactions that lead to conversion of primary minerals to secondary minerals. Plummer et al. (1990) investigated dolomite dissolution in Madison, USA, by inverse modelling. They showed that anhydrite dissolution caused calcite precipitation and dolomite dissolution. Perry (2001) described the reactions between water and rock by inverse modelling in a waterlogged coal mine in Appalachia, USA. Eraifej (2006) investigated the status of dissolution and precipitation of minerals using inverse modelling. Lecomte et al. (2005) examined the factors controlling mountain weathering through inverse modelling. Other researchers (Dai and Samper 2004 , Dhiman and Keshari 2006 , Mahlknecht et al. 2006 , Machado et al. 2007 , Sharif 2007 ) also used inverse modelling to assess the geochemical evolution of waters. Surface water quality monitoring is a tool that provides important information for water management and sustainable development. There is not enough information available about the evolution of surface water chemistry in Iran. Thus, the objective of this study was to investigate surface water chemistry and its evolution along flow paths in the Ekbatan watershed, Hamedan, western Iran.
Materials and methods

Site description and sampling
The investigated area is located at 48°12′-48°39′E and 34°4 0′-35°47′N. The Ekbatan watershed is formed from three main morphological units, including fresh alluvial deposits, hills and mountains. These are distributed throughout the whole watershed. The watershed has a surface area of 39 km 2 with metamorphic rocks. Alluvium deposits (Quaternary deposits) are located in the central watershed. Metamorphic rock mineralogy includes biotite, quartz, muscovite, feldspar, andalusite, mica, chlorite, sillimanite and epidote. The main land use/cover in the watershed are grassland, irrigated land, rainfed agriculture and rock ( Fig. 1(a) ). Based on aerial photography and the land use map, evidence of mining or industrial activities was not observed in the watershed.
Fourteen water samples were collected from the main stream water surface based on the flow path hydrogeology of the study area (the pattern of variation of groundwater chemistry, hydraulic head variation within the regional flow system, and the geographic location of the sampling points in the catchments) ( Fig. 1(b) ). Some properties of water including pH, temperature and electrical conductivity were measured in the field. The remaining features, such as cation and anion identification, were determined in the laboratory.
Hydrogeological description
The study area, the Ekbatan Dam watershed, serves as a source of groundwater and drinking water for rural and municipal areas, respectively. The study area is located near Hamedan city, in the west of Iran. Very steep and steep slopes (30-60%), hilly and mountainous areas cover 45% of the total area of the watershed and are distributed in the west and east of the watershed. Areas with gentle slopes cover the central watershed. The major stream is the Yalfan. It is supplied by ephemeral streams and drainage networks. The drainage pattern is of dendritic type.
The methods used in this study include field investigation, laboratory analysis and data analysis using various software packages. Aerial photographs and a geological map were used to identify the geological units. A hydrogeological field investigation was conducted to differentiate the rock units of groundwater and water-bearing formation and groundwater levels. For comparison between surface and ground waters, 43 water samples (springs, wells) were collected for laboratory analysis. In-situ measurements of electrical conductivity, temperature and pH were made. All water samples were analysed for major cations and anions. Spring and well samples were classified into three groups based on their locations: first (recharge zone), middle (transition zone) and last (discharge zone); the averages of their chemical characteristics are presented in the Results section ( Table 5 ).
Geology
The study area is a part of the Alvand batholith, which is part of the Sanandaj-Sirjan zone. The rocks relate to the pre-Jurassic and Palaeozoic periods. The litho-units include schist, granite, hornfels, limestone, sandstone, conglomerate and recent alluvium (Quaternary) (Fig. 1) .
Water-bearing formations and aquifer types
Various rocks and unconsolidated sediments in the study area that behave as aquifers have been classified on the basis of permeability. In general, two types of groundwater-bearing materials have been distinguished: consolidated and unconsolidated formations.
2.3.1.1 Unconsolidated formations or alluvial deposits The alluvial deposits, mainly found in the central part of the watershed as thin strips along the margins of the major rivers, are the most common shallow aquifers with several springs. In general, they are dominated by sub-angular to sub-rounded coarse-grained fragments with variable content of coarse-grained sand. In the central parts of the watershed, where the gradient of the rivers decreases downslope, the dominant alluvial deposit is medium to fine-grained sand with variable content of silt and clay. The main groundwater resources in this area come from Quaternary aquifers. The recent sediments serve as one of the major storage volumes for water flowing from nearby highlands.
Consolidated formations
Units with low permeability include rock units. Although these units have low permeability, the presence of fractures and cracks causes increased water infiltration. The presence of several springs with low discharge confirms the increased rock unit infiltration.
Geochemical modelling
In order to evaluate saturation indices (SI) and mass transfers in the water-rock system, the geochemical program PHREEQC (Parkhurst and Appelo 1999) was used. Inverse geochemical modelling in PHREEQC (Parkhurst and Appelo 1999 ) is based on a geochemical mole-balance model which calculates the phase mole transfers (the moles of minerals and gases that must enter or leave a solution) as a result of the observed difference between initial and final water compositions along the flow path in a surface and groundwater system. To establish the chemical analyses of groundwater, the model needs a set of phases (mineral and/or gas) that potentially react along this flow path to perform the program (Charlton et al. 1997) . The code solves a system of mass balance equations, from the initial to the final water. To perform inverse modelling in the PHREEQC code it is necessary to have two water samples with different compositions. Input data are temperature, pH and major ions that are defined in the software's solution keywords. We selected mineral phases based on the existing geology in the water flow. The selected minerals were biotite, quartz, muscovite, feldspar, andalusite, mica, calcite, sylvite, dolomite, kaolinite, Ca-montmorillonite, chlorite, sillimanite, as well as carbon dioxide (CO 2 ) as the gas phase. Cation exchange was also input in the model.
Results and discussion
Physical and chemical characteristics of surface water
The chemical composition of the water samples is given in Table 1 . Water temperature ranged from 15 to 21°C. The water samples had pH values ranging from 7.3 to 9.2, which indicates that the surface water was somewhat alkaline. The electrical conductivity (EC) values ranged from 133 to 544 µS cm The results showed a positive correlation between EC and Ca, as well as (Ca + Mg), content in the water samples (Fig. 2) . There was a negative correlation between pH and HCO 3 content in water samples. There were also positive correlations between NO 3 and SO 4 and Ca and HCO 3 content (Fig. 2) .
Chemical characteristics of groundwater
Recharge zone
The groundwater samples in the recharge zone originating from the alluvium deposits were analysed ( Table 2 ). The means of pH and EC for the samples were 7.3 and 386.3 µS cm -1 , respectively. The cations of Ca and Na were predominant, while in surface water Ca was dominant. This suggests the release of Na and the adsorption of Ca when water percolates in the aquifer. The anion HCO 3 was dominant over Cl and SO 4 . The concentrations of HCO 3 and SO 4 in groundwater were higher than in surface water. The bicarbonate concentration can be accounted for by the dissociation of water in the presence of carbon dioxide. The prevailing pH (7.3) is also one of the factors for the existence of HCO 3 as the major dissolved inorganic constituent in the groundwater. Over most of the normal pH range of groundwater, HCO 3 is the dominant carbonate species. The ions Cl and SO 4 were not significant constituents in silicate rocks. Without exception, Ca was dominant over Mg in all samples. There was a dominance of Na over K, as sodium was more soluble than potassium, and the latter is generally more easily fixed on clay minerals in the rock matrix. Hence, K was the least abundant cation. Though bicarbonate and alkaline earth elements are expected to be contributed from the rock, slightly higher amounts of Na were observed compared to contributions from the overlying sediments. The decrease and increase of Ca and Na concentrations in groundwater in comparison with surface water were related to adsorption and desorption mechanisms.
Transition zone
Looking at Tables 1 and 2 , there is a remarkable difference between the chemical compositions of the surface water and groundwater. The average pH in surface water was alkaline (8.6), while it was 7.7 in groundwater. This was attributed to HCO 3 concentration; the HCO 3 ion increased about four-fold in groundwater. The decrease of pH in groundwater caused enhanced mineral dissolution within the aquifer. The result of inverse modelling showed that in the transition zone Ca and Na are released from CaX 2 and NaX due to decreasing Ca and Na concentrations in the surface water. This release led to Ca and Na percolation into groundwater. In addition to HCO 3 , SO 4 concentrations in groundwater samples were higher than in surface water.
Discharge zone
The discharge zone had extremely alkaline surface waters and slightly alkaline groundwaters. The dominant cation in surface water was Na, while Ca was predominant in groundwater samples. The increase of Na in surface water led to sorption of Na on sediment and release of Ca to water; therefore, Ca percolated to groundwater and increased Ca concentration compared to Na concentration. The low HCO 3 in surface water prevents the dissolution of minerals, while the high concentration of HCO 3 in groundwater causes an increase in dissolution of minerals. 
Cluster analysis
The hydrochemical data were classified by hierarchical cluster analysis using measured water parameters and the results are presented as a dendrogram (Fig. 3) . The hierarchical method suggests that water samples should be partitioned into three groups along the flow path. The results indicate that EC, and Ca and Mg content are the most important properties that influence water classification. Group 1 (recharge area) with six water samples (1-6) has the highest Ca (average: 40 mg L -1 ) and a mean EC of 397 µS cm -1 (Table 1 ). The triangular diagram shows that waters in this group have Ca-HCO 3 and Mg-Cl composition (Fig. 4) . Group 2 (transition area) has five water samples (7-11); they have the highest Mg (average: 24 mg L -1 ) and thus the water type of this group was Mg-HCO 3 . The third group (discharge area) of three water samples (12-14) has the lowest EC (average: 151 µS cm -1 ) and the water type in this group is Mg-Cl-HCO 3 .
Processes controlling major solute distributions in surface water
The hydrochemical evolution depends on the recharge water, geology-watershed interactions and surface water residence time within the watershed. Three general processes contribute to the generation of solutes in groundwater: evaporation, carbonate dissolution and silicate weathering (Garrels and MacKenzie 1971) . The mineralogy of metamorphic rocks, including biotite, quartz, muscovite, feldspar, andalusite and mica, and secondary minerals present in alluvial deposits, such as calcite, dolomite, gypsum, montmorillonite and kaolinite, was selected for investigation as these are minerals that interact with surface water.
Saturation index (SI) is a factor that indicates mineral saturation due to water chemistry. If SI is greater than zero it indicates oversaturation of water by the given mineral, while values of less than zero show undersaturation of minerals; SI equal to zero indicates equilibrium conditions. Saturation indices for the three groups are presented in Table 3 ; they are different for each group of water samples, indicating that different processes are involved in the water chemistry.
The study of the Ca/Mg ratio of water samples can be used to indicate dissolution of calcite or dolomite. When the ratio of Ca to Mg is higher than 1 it indicates calcite as a dissolved mineral, while a value less than or equal to 1, it indicates dissolution of dolomite (Jalali 2007) . Most samples in Group 1 have molar ratio of Ca/Mg higher than 1, while water in Group 2 shows a Ca/Mg ratio of less than 1, and in Group 3 it was zero (Fig. 5) . Thus, the higher ratio in Group 1 reflects dissolution of calcite and oversaturation with it (Table 3) . However, some samples with Mg-Cl composition can be attributed to dissolution of Mg minerals, including dolomite. Belkhiri et al. (2010) reported that in water samples points closer to the line Ca/Mg = 1 indicate the dissolution of dolomite. Also, it has been suggested that a 2:1 relationship between HCO 3 and Ca and Mg would be expected from the dissolution of dolomite (Jalali 2006 (Jalali , 2007 . Reaction rate is an important factor that influences water chemistry. Meybeck (1987) pointed out that the weathering rates of evaporates and carbonates are, respectively, up to 80 times and 12 times faster than silicate weathering rates. Therefore, water chemistry is affected most by carbonate mineral weathering.
Water samples in Group 2 with Mg-HCO 3 composition showed a decrease in Ca concentration with flow path. The results indicated that water samples in this group are undersaturate with respect to calcite (Table 3) . Based on Fig. 5 , water samples in this group have Ca/Mg ratio less than 1. Mayo and Loucks (1995) explained that in waters with Ca/Mg ratios less than 1, dissolution of dolomite should occur. The dissolution of calcite and dolomite are the dominant reactions in a system if its Ca + Mg vs SO 4 + HCO 3 plot shows a linear relationship (line 1:1) (Fig. 6) . Ion exchange processes lead to a shift of points to the right due to an excess in SO 4 + HCO 3 concentration (Cerling et al. 1989 , Fisher and Mulican 1997 , Jalali 2009 ). Water in Group 3 showed a Mg-Cl-HCO 3 composition. The major component activities of the water samples were plotted on stability field diagrams (Fig. 7) (Drever 1988) . These diagrams indicate that the waters are essentially in the kaolinite stability field, showing that equilibrium with this mineral phase is one of the main processes controlling the water chemistry. A few samples from the three groups appear to be at or close to equilibrium with muscovite and Na-montmorillonite. Kaolinite, montmorillonites, illite, micas and feldspars are quite common in the local soils. All these observations are consistent with the reaction paths expected for solutions interacting with carbonate and silicate rocks (Garrels 1967) .
Geochemical modelling
To further evaluate possible hydrochemical reactions along flow paths, inverse mass-balance models were developed using the PHREEQC program (see Section 2.3). Three general processes contribute to the generation of solutes in groundwater: evaporation, carbonate dissolution and precipitation, and silicate weathering (Garrels and MacKenzie 1971) . Based on cluster analysis (Section 3.3), three groups of water samples were identified for inverse modelling: initial or recharge water (Group 1), transition water (Group 2) and discharge water(Group 3). Waterrock interaction is assumed to be the principal mechanism for the evolution of water chemistry: Ca-HCO 3 and MgCl type (Group 1) to Mg-HCO 3 type (Group 2) and from Group 2 to Mg-Cl-HCO 3 (Group 3). Thus, two simulations were performed. Simulation 1 describes the evolution from Group 1 (mean value of samples) to Group 2 (mean value of samples). The selected phases were given in Section 2.4. Simulation 2 represents the evolution from Group 2 to Group 3 (mean value of samples) and the reacting phases were the same as in the previous model. Tables 4 and 5 summarize the species involved in phase transfers in the water groups. Seven models were found in Simulation 1, where sylvite dissolved in all models and calcite dissolved in three. Kaolinite dissolved in four models, while kyanite precipitates in all the models. Cation exchange between Mg, Ca, K and Na occurs with Na in the solution and Ca, Mg and K out of the solution. According to the geological investigation, the river bed in the Ekbatan watershed is of recent alluvia, thus the adsorption and desorption of cations is expected. According to the results of inverse modelling of all the models, Na showed a positive sign in mole transfer due to the release of exchangeable sites, while Ca, Mg and K had a negative sign indicating adsorption by exchangeable sites. Nine models were produced for Simulation 2 (Table 5) : K-feldspars and andalusite precipitated in all models, sylvite dissolved in all models and kaolinite dissolved in six models. Cation exchange occurred as in Simulation 1.
Conclusion
The results of this study show that analysis of hydrochemical data using statistical techniques such as cluster analysis coupled with inverse geochemical modelling can help to elucidate the geological factors controlling water chemistry. Cluster analysis classified water samples in three groups. Inverse geochemical modelling along flow paths indicated that the dissolution of sylvite and kaolinite and precipitation of feldspars and andalusite happened along the flow paths, with Na into the solution and Ca, Mg and K out of the solution along both flow paths. According to Table 5 , the water samples in different locations have approximately similar pH and Cl, P and NO 3-concentrations, while other ion concentrations were different, and Ca and Na ions were the dominant cations. The HCO 3 ion was the main anion in groundwater samples.
